MOS capacitors were fabricated on n-type <111> silicon wafers with aluminum contacts. The oxide thickness ranged from 1000A to 12,000Â. These capacitors were irradiated with an electron beam at doses of loll to 10^7 electrons/cm^ and energies of 5 kV and 15 kV. C-V measurements were made to characterize the effects of irradiation. In the thin oxide samples and in the thick oxide samples at 15 kV, the C-V curves revealed a positive fixed charge accumulation in the oxide at dose levels above 1013 electrons/cm 2 · In the thicker oxide samples at 5 kV there was evidence of negative charge trapping at the lower dose levels changing to positive at the highest dose. In all cases, there was a reversal in the sense of the hysteresis effects in the C-V curves above 10' 5 electrons/cm2, implying slow surface states which could follow the dc bias voltage but not the ac test signal. There was also a marked increase in the magnitude of the turn-on voltage for strong inversion implying an increase in fast surface states or lateral ionic charge nonuniformi ti es.
Introduction
There is current interest in developing computer controlled electron beam systems for the exposure of photoresists on silicon dioxide. 
Sample Preparation
The starting material for the MOS samples was phosphorus doped Czochralski grown silicon of <111> orientation, with appropriate resistivity for C-V measurements and the oxide thicknesses of interest. The samples were etched, washed, steam oxidized at 1100°C, and nitrogen annealed for 30 minutes in-situ by automatically flushing the oxidation furnace with dry nitrogen. An array of about 20 Al contacts, 35 mils in diameter and 1000A thick, were thermally evaporated on the oxide. Al back contacts were also used.
Irradiation Conditions
The MOS capacitors were irradiated with 5 and 15 kV electrons in an A.R.L. microprobe. The particu lar contact to be irradiated on the wafer was aligned under the area scanned by the electron beam using the optical microscope in the microprobe. During the irradiation period, this alignment was checked by the appearance of the Al contact form on the sample current monitor oscilloscope.
The primary beam current incident on the sample was measured using a Faraday Cup. Any difference between the incident beam current and the sample current was due to back-scattered electrons, secondary electrons**, and/or charge storage in the sample; this difference was typically less than 10%. p The dose level in electrons per cm was calcu lated from the measured beam current, the total radia tion time, and the area irradiated as seen on the monitor. With the total dose held constant, the dose rate could be varied by changing the sample current and irradiation time. Since no significant dose rate effects were observed, this aspect of the experiment will not be discussed further. The aluminum contact was floating during all irradiations.
Electrical Measurements
Digital high frequency (lWz) C-V measurements were made using a Micro Instrument Co. 
where C is the oxide capacitance, φ^ is the built-in voltage? and Φ $ (inv) is the voltage dropped across the semiconductor in inversion. 5 In deriving equation (1), it is assumed that the charge is located at the SÌ-SÌO2 interface. If the charge is distrib uted through the oxide, equation (1) will under estimate the fixed charge density. In this experi ment, some positive charge build-up at the A1-SÌ02 interface may occur, because the gate electrode was floating during irradiation; this charge would produce no observable flat-band voltage shift.
Analog high frequency measurements (lOOKHz) were also made for a rapid check on the irradiation effects. A Boonton Electronics Co. Model 71CR capacitance meter was utilized. 5 The digital data was also plotted out by the computer so that it could be directly compared to the analog data. It is well known that mobile ionic charges can cause hysteresis effects or drift in the C-V curves. For positive ionic charge, the C-V curve will be shifted toward more negative values of dc bias. Also, the centroid of the mobile ionic charge will move under the influence of the dc bias. Therefore, a hysteresis effect in the sense similar to the one observed in Figure 1 may be explained. Assuming negative charges in the oxide leads to a similar conclusion. Therefore, a hysteresis effect in the sense similar to the one observed in Figure 1 is consistent with either positive or negative ionic charge motion.
Experimental

Irradiation Effects
When the electron beam strikes the MOS structure, electrons from the primary beam will reach the Si-Si0 2 interface if their effective range equals or exceeds the oxide thickness. From the data of Andersen 9 the effective range of electrons in SÌO2 is 4,000A and 24,000A for 5 kV and 15 kV electron beam potentials respectively, ihe energy-range exgression of Everhart and Hoff predicts 3000A and 21,000A respectively. 10 Therefore, the 5 kV electron beam would not be expected to penetrate to the interface of the 12.000A sample, even allowing for straggle around the effec tive range.
In addition, the incident electron beam will produce backscattered electrons, secondary electrons, continuous X-rays, characteristic X-rays, and ultra violet light. 8 Some of the products of secondary radiation will penetrate much farther into the MOS structure than the primary beam, as illustrated by the following calculation for X-rays.
It requires about 25 eV to generate an electronhole pair in silicon dioxide. There is an envelope of up to several microns beyond the effective range of the electron beam where the intensity of the secondary irradiation oxygen K a is greater than 5% of its original level. A similar calculation can be made for silicon K a . In summary, electron-hole pairs will be generated by X-rays throughout thethickness of the oxide, even when .the primary beam is absorbed near the top surface. In addition some of the electrons produced in the upper part of the oxide by the primary beam and by X-rays will be thermalized by the time they drift to the interface. The ratio of thermalized electrons to *The excitation energy of oxygen K a and silicon K a is 532 ev and 1840 ev respectively.
higher energy electrons at the interface increases as the ratio of oxide thickness to effective range increases.
When the electron-hole pairs are generated the holes are assumed to be trapped or relatively immobile while the electrons on the other hand are more mobile.H The product of mobility and meantime before trapping for holes in silicon dioxide layers was shown by Goodman*3 to be approximately an order of magnitude smaller than for electrons. Therefore, if there is an electric field present, some of the electrons will drift away leaving the trapped holes behind. Consequently, we may expect the effect of irradiation to be residual charge in the oxide as well as changes in the interface charge states from direct and/or secondary radiation.
C-V Parameters After Irradiation
There was no significant change in Q ss /q at a dose level of 10^ electrons per cm2 for any sample. This result agrees with the literature for zero bias.14 This must mean that most of the hole-electron pairs recombine before the electrons can drift out of the oxide. The percentage which recombine cannot be calculated accurately because the efficiency of electron-hole pair production is not known exactlyJÖ» 15 However, a lower limit can be cal culated by assuming that all the energy in the primary beam goes into the production of electronhole pairs. In that case, the lack of a signif icant change in Q ss /q at a dose of 10H electrons/cm The behavior at the higher dose may be due to greater recombination near the interface at the larger electron-hole concentra tion levels. That is, as more electron-hole pairs are produced, they recombine before the electrons can leave the oxide. If the electrons are retarded by the field near the interface, recombination will occur more frequently there, and the centroid of positive charge will be pushed back toward the metal electrode. In this case, the thickest oxide would have the lowest Q ss /q> since its centroid would be located relatively farther from the interface. 
Turn-on Voltage and Curve Shape After Irradiation
The turn-on voltage V^ was calculated from equation (2) and compared to the observed values for the sweep from inversion to accumulation. In all cases it was necessary to assume a higher density of fast surface states or lateral ionic non-uniformi ties' 9 after irradiation to obtain agreement between theory and experiment. In addition, the slope of the entire C-V curve changed at the higher dose levels, also indicating an increase in one of the above effects.
Hysteresis Effect After Irradiation
In general, the C-V curves of the various irra diated samples displayed hysteresis effects similar to those illustrated in Figure 2 . As noted above, mobile ionic charges would affect the C-V curves. However, it is obvious that the sense of the hysteresis effect is now in the opposite direction. Therefore, this hysteresis effect cannot be explained by mobile ionic charge drift. The effect could be explained by assuming slow type surface states close to the oxidesilicon interface. The changes in the hysteresis with successive dc voltage sweep must also be considered. If these states are related to silicon states then as the bias sweeps the bands past the fermi level changes in the charge condition of these states would occur. However, the lack of reversibility upon reverse voltage sweep must imply that these states have reaction times which are long when compared to the dc bias sweep time (note shift is to higher negative values of V^).
The origin of such states is not known at present. However, since this effect is also observed for thick samples (12,000A) and low voltage (5 kV), it must be able to be caused by secondary radiation effects as well.
Conclusions
1. For the thick-oxide samples irradiated at 5 kV, there was evidence of a negative charge induced near the oxide-semiconductor interface at low and moderate dose levels. Since the primary electrons did not penetrate to the Si-SiO^ interface in these cases, the negative charge states are tentatively attributed to the trapping of low-energy electrons which result from the primary beam or from secondary radiation (X-rays or ultraviolet light). This effect was compensated by the creation of positive charge states in the oxide at the higher dose levels.
2. For all samples, there was evidence of fast surface states or lateral inhomogenities at the higher dose levels as implied by a large change in slope in the C-V curves.
3. For all samples at higher dose levels, there was also evidence of the creation of slow surface states in the oxide near the oxide-semiconductor interface as indicated by a hysteresis effect with the opposite sense to that expected from ionic drift.
An appropriate topic for further study seems to be the annealing properties of these radiationinduced states, both positive and negative.
If they anneal at moderate temperatures with no evidence of latent damage, then their existence in unannealed devices would not limit the applicability of electron beam fabrication techniques. 
